The aim of this study was to evaluate the effectiveness of montmorillonite and bentonite nanoparticles in removal of fluoride from water solutions. This experimental study has been conducted in batch condition in which the effects of different parameters such as contact time, pH, initial concentration of fluoride and amount of adsorbent mass have been investigated. Finally thermodynamics, isotherm and kinetics of the both adsorbents have been studied. The maximum adsorption capacity for both adsorbents occurred at fluoride concentration of 20 mg/L, contact times of 60 minutes, pH ¼ 3 and adsorbent mass of 0.25 g/L. The adsorption process was exothermic and the result of the Langmuir and Freundlich isotherm study show that bentonite nanoparticles behave more similar to the Langmuir isotherm model and montmorillonite nanoparticles behave according to the both isotherms. Furthermore, the adsorption of fluoride by bentonite in all studied fluoride concentrations and montmorillonite in higher fluoride concentrations followed pseudo second-order kinetics.
INTRODUCTION
Water is a vital part of human life and has a critical role in our health, and water pollution is an important environmental issue (Ashtari & Gharbani ) . Fluorine has an oxidation state of À1, is a corrosive gas, pale yellow and has high toxicity (3). Fluorine is highly reactive and can be found as CaF 2 in nature (Bishnoi & Fluoride can be found in soil, water and atmosphere.
Fluorine is one of the elements that can be found in earth's crust in amounts of 3 g/kg and exists beside other minerals in forms such as ceriolite, fluoroapatite and fluorspars (WHO ). In many surface water supplies, there is a small amount of fluorine but ground waters have higher concentrations of fluoride.
Fluoride enters the food chain through drinking water, vegetables, and cereal. Fluoride and its compositions are widely used in industries including semiconductors, coal power plants, glass, ceramics, uranium enrichment and others. Fluoride enters the environment via wastewater and this wastewater enters surface waters which causes pollution of ground waters (Tripathy et al. ) . Fluoride is among the important anions that enter water resources through the environment and human activities, and has hygienic importance. Fluoride can be seen in high concentrations in ground water resources. Advantages and disadvantages of fluoride in the human body are related to its concentration in water. If the concentration of fluoride in drinking water is in the standard range (1-1.5 mg/L), then it can prevent tooth decay, but if its concentration exceeds that level, then it affects the potassium metabolism and if fluorine amounts exceeds 2.5 mg/L, then it causes formation of fluorosis and teeth becomes brown (Kawamura Derakhshani & Naghizadeh ; Naghizadeh ), high production of sludge, high consumption of coagulant aids, creation of secondary pollution, complexity of treatment method, formation of sulfate anion and aluminum cation ( Jamhour ; Tor ) .
In contrast to all of these methods, the adsorption process is usually low cost and is simple so that it can be used for decentralized water treatment equipment. This method is being considered because it has many advantages such as high effectiveness, simple operation, availability and low sludge production (Örnek et al. ; Xue et al. ) .
In recent years, the adsorption process has been considered for removal of many elements. The operation of adsorption process is dependent on many parameters such as pH, the kind of adsorbent and the kind of pollutant.
For this purpose, many adsorbents for removal of fluoride have been used such as activated carbon, brick powder, activated alumina, and charcoal (Garg & Malik ) .
Application of many adsorbents for fluoride removal from aqueous solution was investigated. In a study per- 
MATERIALS AND METHODS
In this experimental study that has been conducted in batch conditions, the effects of various parameters such as contact time, pH, initial concentration of fluoride and amounts of bentonite and montmorillonite in the removal of fluoride were examined. Bentonite and montmorillonite nanoparticles were obtained from the Iranian Nanosany Corporation and were used without further purification.
Adsorption experiments
The 1,000 ppm stock solution of fluoride was prepared by dissolving 0.221 grams of NaF powder (Merck Company) in one liter of distilled water. In the present study, Laboratory Erlenmeyer flasks were used for adsorption experiments. The volume of fluoride solution in all stages of adsorption studies was 100 mL. Also different concentrations of fluoride (5, 15, 10, 20 mg/L) at 3 different pH (3, 7, 9) as well as various dosage of nano adsorbents (0.25, 0.5, 0.75 and 1 g/L) at different reaction times were studied for the optimization of the fluoride removal process with bentonite and montmorillonite nanoparticles. After that, the solutions were filtered through a 0.2 μm filter and finally fluoride concentrations were measured with a spectrophotometer (HACH DR 5000) at 580 nm wavelength.
The adsorption capacity of bentonite and montmorillonite nanoparticles in the removal of fluoride was calculated using the following equation: 
Adsorption isotherms
To study the adsorption isotherms the experimental data were analyzed using Freundlich and Langmuir isotherm models. The linear forms of Langmuir (Equation (2)) and
Freundlich (Equation (3)) can be expressed as follows:
where Q e is the equilibrium concentration of fluoride in the solid phase (mg/g), Q max is the maximum adsorption (mg/g), k L is the Langmuir adsorption equilibrium constant (L/mg), K f is the Freundlich constant representing the adsorption capacity (mg 1-1/n L 1/n /g), and n is the Freundlich constant representing the intensity of adsorption.
Adsorption kinetics
Kinetic equations examine the transfer of particles of adsorbed material in time and determine the speed of the reaction. In this study pseudo firstand pseudo secondorder kinetic models were examined. The linear equations of these two models are shown in following equations:
where q e (mg=g) is the adsorbed fluoride at equilibrium, q t (mg/g) is the adsorbed fluoride at the time t (min À1 ), K 1 is the constant of pseudo first-order equation, and K 2 is the constant of pseudo second-order equation.
Adsorption thermodynamics
For were studied. The following equations (Equations (6)- (8)) were used to calculate the thermodynamic constants. In these equations, R (8.314 J/mol K) is the universal gas constant, T (K) is absolute temperature and K e is thermodynamic equilibrium constant,
RESULTS AND DISCUSSION

Characteristics of the adsorbents
The SEM images give information about the surface morphology. Figure 1 shows the SEM images of bentonite and montmorillonite nanoparticles. According to SEM images, bentonite and montmorillonite nanoparticles are stacks of multi-layers with a sheet structure. Regarding this figure, these nanoparticles consist of irregular morphology with a size of a few micrometers. Furthermore, the heterogeneous surface of the particles is clear.
The XRD patterns of the bentonite and montmorillonite nanoparticles in Figure 2 show a medium peak at 2θ ¼ 6. 
Effect of pH and determination of pH zpc
The results of the effect of pH on the removal of fluoride by bentonite and montmorillonite are shown in Figure 4 . The results of measuring pH zpc for humic acid adsorption by adsorbents are shown in Figure 5 .
According to Figure 5 , it becomes clear that pH zpc for bentonite and montmorillonite nanoparticles is 7.4 and 7.8, respectively. These results indicated that the surface of bentonite nanoparticles in pHs lower than 7.4 and the Therefore it is obvious that with increasing the initial fluoride concentration, the adsorption capacity of both adsorbents increases. That is because of more contact between the fluoride molecules and adsorbents. In a study conducted by Shirmardi and his colleagues in 2012 it was shown that with increasing the contact time and initial concentration of fluoride, the removal process becomes more effective (Shirmardi et al. ) . In another study conducted by Asgari and his colleagues in 2012, it was shown that the maximum amount of fluoride removal was at pH 3, 
Effect of adsorbent dosages
Adsorption isotherm
The results of two types of the most commonly used isotherms, Langmuir and Freundlich, are presented in Figures 9 and 10 Figure 11 and Table 2 , the results of temperature effect on the fluoride adsorption process by both adsorbents are shown.
The results from () about adsorption behavior of fluoride ions using a titanium hydroxide-derived adsorbent. They found that rising temperature led to a reduction in fluoride removal.
Adsorption kinetics
In Table 3 , the results of adsorption kinetics of the removal process by the two adsorbents are shown.
Surveying the kinetics of the adsorption process is useful for predicting the speed of adsorption in order to design models for the process. According to the results of the kinetic studies for fluoride adsorption by bentonite and montmorillonite nanoparticles at concentrations of 5, 10, 15 and 20 mg/L that are shown in Table 3 , it can be seen that the kinetics of fluoride adsorption by bentonite nanoparticles can be better described by pseudo second-order kinetics (as the correlation coefficients are compatible with this model), and kinetics of fluoride adsorption by montmorillonite nanoparticles in lower fluoride concentrations (5 and 10 mg/L) can be better described by pseudo first-order model of kinetics but in higher fluoride concentration (15 and 20 mg/L) can be better described by pseudo second-order model of kinetics. 
